). This hypothesis is based on pus remains controversial. Here we used a fluorescent the finding that, before induction of LTP, the probability marker of presynaptic activity, FM 1-43, to directly that presynaptic stimulation elicits an NMDA receptorimage presynaptic function during metabotropic glumediated synaptic response is much greater than the tamate receptor-dependent long-term depression probability that it elicits an AMPA receptor-mediated (mGluR-LTD) at CA3-CA1 excitatory synapses in acute response; LTP increases the probability that presynaptic hippocampal slices. We found a significant decrease stimulation elicits an AMPAR response, with little in the rate of 
Introduction the insertion of AMPARs will increase the number of synapses that can generate a synaptic response at the Long-term potentiation (LTP) and long-term depression resting potential (that is, a decrease in the number of (LTD) of excitatory synaptic transmission in the hipposilent synapses). This provides a postsynaptic explanacampus are thought to provide the cellular substrates tion for the basic result that LTP increases the probabilfor certain forms of learning and memory (Braunewell ity that a presynaptic stimulus elicits a postsynaptic and Manahan-Vaughan, 2001; Martin et al., 2000) . Alresponse. The decrease in probability of observing a though there is general agreement that LTP at CA3-CA1 postsynaptic response during LTD is thought to reflect synapses enhances synaptic transmission by increasing the converse process, the silencing of synapses due to the probability that a presynaptic action potential elicits the removal of AMPARs from the postsynaptic mema postsynaptic response, whereas LTD has the opposite brane ( transmitter efflux through a fusion pore is slower than mGluR-LTD is predominant over other forms of longterm plasticity (including NMDA receptor-mediated LTD efflux following full fusion, the peak glutamate concenand LTP) and so can be studied in relative isolation tration will be lower at synapses that release transmitter (Bolshakov and Siegelbaum, 1994, 1995a To examine the effects of LTD on presynaptic funcdirect measurements of changes in presynaptic function tion, we compared FM 1-43 release properties before are lacking. Using FM 1-43, and related dyes, to image and after the 5 Hz LTD induction protocol. Induction of synaptic vesicle cycling, we find that induction of LTD produced three distinct changes in FM 1-43 loading mGluR-LTD significantly slows the rate of FM dye reand unloading properties: (1) there was a reduction in lease from presynaptic terminals. In addition, we report the number of boutons that could be loaded with dye; a series of changes in vesicle cycling that cannot be (2) there was an increase in the number of boutons that explained simply by a decrease in the probability of were loaded with FM 1-43 but then failed to release dye vesicle fusion in response to a presynaptic action potenduring the unloading stimulation; and (3) there was a tial. Rather, our results are consistent with the view that slowing of the rate of FM 1-43 release (or destaining) mGluR-LTD may involve a switch in the mode of vesicle from those puncta that did release dye upon synaptic exocytosis from one in which the vesicle completely stimulation. These effects are shown qualitatively in the fuses with the presynaptic plasma membrane to one in images of Figure 1C crease in the number of boutons that could be loaded from the nondestaining boutons even when we used stimulation protocols that were stronger and longer lastwith dye, a decrease in rate of dye release during synaptic stimulation from those boutons that became labeled ing than those used to load dye initially. For the nondestaining boutons, application of two trains of synaptic with dye, and an increase in the number of boutons that could be loaded with dye but failed to release dye upon stimulation at 10 Hz for 2 min (after the 4 min period of stimulation at 1.5 Hz) did not produce any further further stimulation. What mechanisms might account for these alterations? Might they reflect a single underlying significant decrease in fluorescence intensity (Ͼ50% intensity remaining), even though the same boutons had mechanism?
Although a simple decrease in release probability been successfully loaded with FM 1-43 using only a single train of 10 Hz stimulation for a period of 2 min. might explain the reduction in the rate of FM 1-43 release, it cannot underlie the increase in the number of We considered three other possible explanations for the increase in the number of nondestaining boutons. nondestaining boutons. Thus, we failed to release dye Following the induction of LTD, we first identified nonescape more readily from the vesicle during the brief opening of the fusion pore, and so should be less sensidestaining boutons using a 6 min period of stimulation at 10 Hz (Unload 1) to release dye fully from those boutive to the switch from full fusion to fusion pore modes of release, compared to dyes that bind tightly to memtons that were capable of destaining. To test whether the nondestaining boutons were functional, we applied branes, like FM 1-43. We therefore examined the effects of LTD on the kinetics of release of FM 2-10, a dye that a second round of 10 Hz stimulation (Unload 2), either in the presence or absence of FM 4-64 ( Figure 6A) . In is smaller and less hydrophobic than FM 1-43 and that is released from membranes 4-fold more rapidly (Klinthe absence of FM 4-64, the nondestaining boutons failed to release additional dye during this round of stimgauf et al., 1998). Consistent with the fusion pore model, we found that the kinetics of FM 2-10 release were less ulation (Unload 2; Figure 6F ). However, when we applied the second round of stimulation in the presence of FM sensitive to induction of LTD than were the kinetics of FM 1-43 release (Figure 7) . Thus, whereas LTD caused 4-64, a significant fraction of puncta that were unable to release FM 1-43 during the first unloading period a 38% decrease in the rate of FM 1-43 destaining, we observed only a 27% decrease in the rate of FM 2-10 now showed a rapid loss of Ͼ50% of their FM 1-43 fluorescence. On average, FM 4-64 was able to quench destaining. Prior to induction of LTD, the rates of FM 2-10 and FM 1-43 release from membranes (during a significantly the fluorescence of 25.8% Ϯ 3.9% of the that did destain. We previously showed that the rate of dye release could provide a reliable index of the probability of transmitter release, using a number of well acDiscussion cepted methods for altering release probability (Zakharenko et al., 2001). However, several of our present Our results, based on alterations in the kinetics of loadresults are inconsistent with a simple change in release ing and unloading of the synaptic vesicle marker FM 1-43 probability as the sole mechanism underlying the prefrom presynaptic terminals, indicate that mGluR-LTD is synaptic changes during LTD. In particular, our finding associated with pronounced changes in vesicle cycling that LTD causes a greater slowing of FM 1-43 release in the presynaptic terminal. We observed a decrease in the number of presynaptic boutons that could be loaded compared to FM 2-10 release cannot readily be ex- plained by a change in the probability of vesicle fusion by an increase in vesicle endocytosis rates, this model cannot by itself explain the decrease in the EPSP during and transmitter release. Rather, our results suggest some mechanism associated with LTD that restricts the LTD. Moreover, it cannot readily account for the decrease in the number of terminals that can be loaded efflux of dye during exocytosis.
These results are consistent with a change in the with dye. Release through a fusion pore is an attractive model mode of exocytosis during LTD, involving a switch from a full fusion mode of release ( Figure 8A ) to a fusion pore because it provides a single mechanism that can account for the three major changes we observe in FM mode of release ( Figure 8B The halftime of decay of intensity during unloading (t 1/2 ) was then endocytosis (and dye uptake) was complete. This protocol maximeasured. mally loaded dye into the terminals. Previously, we found that the staining and unloading were not altered by inclusion of CNQX to
